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(571 ABSTRACT

Electromagnetic energy may be converted directly into
electrical energy by a device comprising a sandwich of
at least two semiconductor portions, each portion hav-
ing a p-n junction with a characteristic energy gap, and
the portions lattice matched to one another by an inter-
vening superlattice structure. This superlattice acts to
block propagation into the next deposited portion of
those dislocation defects which can form due to lattice
mismatch between adjacent portions.

20 Claims, 2 Drawing Figures
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DEVICE FOR CONVERSION OF .
ELECTROMAGNETIC RADIATION INTO
ELECTRICAL CURRENT

CONTRACTUAL ORIGIN OF THE INVENTION

The U.S. Government has rights in this invention
pursuant to Contract No. EG-77-C-01-4042 between
the U.S. Department of Energy and Midwest Research
Institute.

BACKGROUND OF THE INVENTION

In order to carry out an efficient conversion of a
spectrum of electromagnetic radiation into electrical
current, devices called monolithic cascade converters
have been developed which provide multiple, typically
two semiconductor junctions within one device, one
junction having a low characteristic electromagnetic
energy gap and the other junction a high characteristic
electromagnetic energy gap. The energies of the low
and high energy gaps are chosen so as to optimize cov-
erage of the incident electromagnetic spectrum, thereby
maximizing the efficiency of converting incident elec-
tromagnetic radiation into electrical energy. For exam-
ple, the theoretical efficiency for a two-junction device
has been calculated to be in excess of 35% near ambient
temperature for a typical solar spectrum measured at
the earth’s surface.

Currently, only group 1IIa-Va semiconductor mate-
rials technology is sufficiently developed to produce
reasonably efficient multiple junction devices. How-
ever, in the case of solar cell materials, a substantial
portion of the materials and cost is accounted for by the
necessity of using GaAs as a substrate material. Gallium
metal is in high demand and in limited supply; therefore,
the cost of GaAs substrate material is presently about
$3.20/cm2 compared with approximately $0.30/cm2
for Si wafers. The end result is that the GaAs substrate
represents approximately 25 percent of the total device
cost. Further, the thermal conductivity of GaAs is only
0.54 W/cm°C. compared with 1.41 W/cm°C. for Si. In
a solar concentrator, the efficiency of converting light
to electricity can decrease dramatically if the semicon-
ductor junction temperature increases too much. There-
fore, since the thermal conductivity of Si is nearly three
times that of GaAs, Si is much more desirable for use in
a solar concentrator system than GaAs. However, be-
cause Si is not lattice matched to any of the appropriate
high energy gap materials, Si has not been utilized as a
substrate in an efficient monolithic cascade converter
device. Growth of one material on top of another with
a difference in lattice parameters between the layers
(lattice mismatched) will result in lattice mismatch
stresses. These stresses in turn lead to formation of line

defects (threading dislocations) in the overlayer, which

in the case of a two-junction device is the high energy
gap layer. The end result is that these dislocations cause
severe degradation of conversion efficiency in the high
energy gap portion of the device. It is therefore an
object of the present invention to provide a multiple
junction, monolithic cascade device for converting
incident electromagnetic radiation into electrical en-
ergy. :

It is also an object of the invention to provide a two-
junction, monolithic cascade device for converting
incident electromagnetic radiation into electrical en-
ergy.
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It is also an object of the invention to provide a two-
junction monolithic cascade device for conversion of a
solar spectrum into electrical energy.

It is a further object of the invention to provide a
two-junction, monolithic cascade device for conversion
of the solar spectrum into electrical energy having Si as
a substrate and low energy gap material.

Additional objects, advantages, and novel features of
the invention will be set forth in part in the description
which follows, and in part will become apparent to
those skilled in the art upon examination of the follow-
ing or may be learned by practice of the invention. The
objects and advantages of the invention may be realized
and attained by means of the instrumentalities and com-
binations particularly pointed out in the appended
claims.

SUMMARY OF THE INVENTION

In a two-junction cascade converter, a low energy
gap semiconductor may be used as both a substrate and
a low energy gap junction material and may be coupled
to a multi-component, high energy gap junction mate-
rial without propagation of threading dislocations into
the high energy gap material. The elimination of thread-
ing dislocations, normally arising from lattice mismatch
between the substrate and the graded layer, results from
use of a dislocation-blocking region called a superlattice
layer structure. A theoretical description of the super-
lattice layer structure was originally set forth by Esaki
and Tsu in U.S. Pat. Nos. 3,626,257 and 3,626,328. In
U.S. Pat. No. 4,088,515, Matthews and Blakeslee have

“described a method for producing the superlattice layer

structure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross section of the multi-layer structure
of a two-junction cascade device; and

FIG. 2 is a cross section of the multi-layer structure
of a three-junction cascade device.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

The preferred embodiment is shown in FIGS. 1-2
and is designed to produce an efficient conversion of an
incident electromagnetic spectrum into electrical en-
ergy. The invention comprises two or more junctions
with the device as a whole absorbing the maximum
amount of the incident electromagnetic spectrum and
converting the electromagnetic energy into electrical
energy. For example, a two junction device comprises a
low energy gap portion to convert into electrical en-
ergy the low energy fraction of the electromagnetic
spectrum and a high energy gap portion to convert into
electrical energy the high energy fraction of the inci-
dent electromagnetic spectrum.

The two-junction monolithic cascade converter in
FIG. 1 is based on a semiconductor substrate 12 con-
nected to external load 30 through ohmic contact 10,
which is joined to substrate 12 to achieve a low resis-
tance ohmic contact. Substrate 12 may be a p- or n-type
semiconductor with sufficient chemical purity, ade-
quate carrier mobility through the substrate material,
and other requisite electrical properties to provide ade-
quate electrical conduction, thereby permitting reason-
ably efficient conversion of electromagnetic radiation
to electrical energy. Further, the substrate material
should have a characteristic low energy gap. The pre-
cise energy for the low energy gap is determined jointly
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with the high energy gap layer (to be discussed) such
that the incident electromagnetic spectrum is collected
with maximum efficiency. For example, if the invention
is used as a solar cell device at the earth’s surface, the
low energy gap may be chosen as 1.1 eV and the high
energy gap near 1.8 eV to optimize the coverage of the
incident solar spectrum.

Ohmic contact 10 may be formed in a number of
ways, including evaporation, sputtering, or electro-
deposition onto substrate 12. The type of metal chosen
is determined by the energy level of the most energetic
electrons of the semiconductor, usually characterized as
the Fermi energy level. The metal used in contact 10
should have its Fermi level near that of the substrate 12.
For example, the preferred ohmic contact 10 for n-type
GaAs may be Sn, and for p-type GaAs the contact 10
may be In metal. The thickness of ohmic contact 10 is
primarily determined by that amount of thickness re-
quired to establish a continuous film and low resistance
contact to substrate 12.

Assuming we choose an n-type substrate 12, we form
p-type layer 14 typically by diffusion, ion implantation,
or homoepitaxial deposition, which establishes a p-n
junction 13 at the interface of regions 12 and 14. The
optimum thicknesses for substrate 12 and layer 14 are
those dimensions which yield the most favorable com-
promise between maximum absorption of incident radi-
ation and highest efficiency of collection of minority
carrier current. For example, if substrate 12 and layer 14
are too thin, some radiation will not be absorbed. If
layer 14 is too thick, it is possible that some of the elec-
* trical energy will not be collected due to loss of charge
carriers at trapping sites during diffusion to the collect-
ing junction 13.

A p-type semiconductor overlayer 16, lattice
matched to the substrate 12, is deposited on layer 14,
typically by chemical vapor deposition or liquid phase
epitaxy. For example, with a (100) Si wafer as substrate
12, a suitable choice for lattice matched layer 14 is GaP
which has a 0.37% difference in lattice parameter from
the Si substrate. A p-type semiconductor graded layer
18 is grown on lattice-matched layer 16. The graded
layer 18 gradually changes in composition over the
thickness of the layer to an end composition having the
desired energy gap for optimum performance of the
high energy gap portion of the device. For example, if
Si is used as substrate 12 with a low energy gap of 1.1
eV, a proper choice for a high energy gap material
would be GaAsp 7P 3 with an energy gap of 1.8 eV.

In order to prevent propagation of any dislocations
from graded layers 18 into the high energy gap portion
(to be described), a superlattice 20 is inserted on top of
graded layer 18. The specifications necessary for the
superlattice region 20 are set forth in U.S. Pat. No.
4,088,515 by Maithews and Blakeslee and are adopted
herein. Superlattice 20 contains a series of ultra-thin
" layers of alternating materials, said superlattice having
an average lattice parameter matched to the immediate
end composition of the graded layer 18 thereby acting
to lattice match the underlying portion to the succeed-
ing portion (here the high energy gap portion material).
For example, assuming GaASg 7Pp 3 is the high energy
gap material, the superlattice 20 may include approxi-
mately ten double layers of GaAs and GaP, the respec-
tive thickness of GaAs and GaP sublayers being in the
ratio of 7 to 3. It may also be possible to use other types
of compounds or materials to obtain the desired lattice
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match provided the materials are electrically, optically,
and mechanically compatible with the device.

On top of superlattice 20 is tunnel junction 22 con-
taining two ultra-thin, highly doped layers, a p+ layer
and on top, an n+ layer. The high level of doping re-
sults in formation of degenerate carrier states thereby
establishing low resistance electrical conduction. In
general, junction 22 is an optically transparent low
resistance electrical contact between the low energy
gap and the high energy gap portions of the semicon-
ductor device. This tunnel junction may also be inserted
below superlattice 20. If the tunnel junction introduces
strain which degrades subsequent layers, then this
would be the preferred embodiment. Superlattice 20
itself may become tunnel junction 22 by heavily doping
the semiconductor layers, or a thin metal zone may be
diffused into the surrounding semiconductor layers and
act as tunnel junction 22. On top of tunnel junction 22 is
grown an essential dislocation-free, n-type high energy
gap semiconductor layer 24 having the same composi-
tion as the end composition of graded layer 18. On top
of layer 24 is p-type doped layer 26 which establishes a
p-n junction 25 at the interface of layers 24 and 26.
Typical processes for preparation of layer 26 include
doped epitaxial growth onto layer 24, dopant diffusion
into layer 24, or ion implantation into layer 24. The
proper thicknesses of layers 24 and 26 are those which
produce the most favorable compromise between maxi-
mum absorption of incident radiation and highest effi-
ciency collection of minority carrier current. For exam-
ple, if layers 24 and 26 are too thin, some radiation will
not be absorbed and converted to electrical energy. If
layer 26 is too thick, it is possible that some of the elec-
trical energy will not be collected due to loss of charge
carriers at trapping sites over the excessively long diffu-
sion lengths to the collecting junction 25.

The device is completed by attaching ohmic contact
28 on top of layer 26. Again, the type of ohmic contact
28 is determined by matching the electronic Fermi level
of the semiconductor material in layer 26 with the
Fermi level of metallic ohmic contact 28. The preferred
geometry of ohmic contact 28 is a finger type contact
and ought to be thick enough and wide enough to pro-
vide a low resistance contact to layer 26 and connection
10 an external load 30. However, the contact should not
be so wide that any substantial portion of the incident
electromagnetic radiation is absorbed by contact 28.
Note that the electromagnetic energy 31 is incident on
the high energy side of the device in this version of the
invention in order to maximize absorption efficiency. If
we had chosen to use an n-type doped layer 26, rather
than a p-type, the characteristic type of all previous
layers would be opposite to that discussed.

The placement of superlattice 20 between low and
high energy gap portions acts to block propagation of
dislocation defects from the low energy gap portion 18
to the high energy gap portion 24. This dislocation
blocking effect permits use of low and high energy gap
materials with unmatched lattice constants in a simple
layered structure. Consequently, the superlattice 20
enables the choice of materials for the low and high
energy gap junction layer of the device to be selected
strictly on the basis of those energy gap values which
will yield optimum efficiency of absorption of electro-
magnetic radiation and conversion to electrical energy.

During operation, the incident electromagnetic radia-
tion undergoes absorption in the low and high energy
gap portions of the device. Absorption of the radiation
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in layers 12 and 14 and also in layers 24 and 26 creates
hole and electron charge carriers in these layers. The
minority carriers, the electrons in p-type layers and
holes in n-type layers, diffuse to p-n junctions 13 and 25,
respectively, where they are collected. In effect, the
device becomes an electromagnetic radiation activated
battery with two cells in series. As a consequence of the

series connection of the low energy and high energy

gap portions of the invention, the characteristic volt-
ages of each of the two portions are additive. This effect
results in higher electromotive force for a cascade con-
verter device. For example, with the invention attached
to a high impedance load and no current flow, the maxi-
mum voltage output, the open circuit voltage, may be
measured. Using the two junction device example dis-
cussed, an open circuit voltage greater than 2.3 volts is
anticipated.

The embodiment shown in FIG. 1 may be extended
to include more 'than just a two-junction cascade con-
verter. For example, in FIG. 2 is shown a three-junction
monolithic cascade converter device. This device is
constructed of the same fundamental components illus-
trated in FIG. 1. The bottom section of the three junc-
tion cascade converter is essentially the same as shown
in FIG. 1 with ohmic contact 10A joined to load 30
followed by substrate 12A with a characteristic low
energy gap (0.7-1.1 eV for a solar spectrum incident on
a solar device at the earth’s surface). Assuming we
choose an n-type substrate 12A, layer 14A is a p-type
doped layer which establishes a p-n junction 13A at the
interface of 12A and 14A, a p-type semiconductor over-
layer 16A lattice-matched to 14A, layer 18A composi-
tionally graded to achieve a material with a characteris-
tic medium energy gap (1.2-1.5 eV for a solar spectrum
incident on a solar device at the earth’s surface), a
superlattice 20A, and a tunnel junction 224. This low
energy gap portion is followed by a repetition of the
genus of layers present in the portion just enumerated,
the only change being the characteristic energy gap is
now of medium energy. Thus, substrate 12B is n-type
and has a characteristic medium energy gap and is fol-
lowed by a p-type doped layer 14B which forms p-n
junction 13B, a p-type semiconductor overlayer 16B,
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latticed matched to 14B, a p-type doped layer 18B com- .

positionally graded to maintain the lattice matching and
also attain a characteristic high energy gap (1.75-1.9 eV
for a solar spectrum incident on a solar device at the
earth’s surface), a superlattice 20B, and tunnel junction
22B (a p+ layer followed by an n+ layer). The upper-
most portion is of the same genus as the high energy gap
portion of the embodiment shown in FIG. 1 with n-type
substrate 24A having a characteristic high energy gap.
The three energy gaps of the three corresponding junc-
tion portions may be chosen to optimize the absorption
of the electromagnetic energy spectrum incident on the
device. On top of substrate 24a is p-type doped layer
26A such that p-n junction 25A is established, and the
device is completed by attaching ohmic layer 28A on
top of 26A and joining 28A to load 30. Note that the
electromagnetic energy 31 is incident from the high
energy gap side of the device in this particular version
of the invention to insure maximum efficiency of ab-
sorption of electromagnetic energy and conversion to
an electrical energy.
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As in the two-junction device, the placement of 65

superlattice 20A between the low and medium energy
gap portions and superlattice 20B between the medium
and high energy gap portions of the device acts to block

6

propagation of dislocation defects into succeeding ac-
tive conversion .portions, permitting a wide choice of
low, medium, and high energy gap materials with un-
matched lattice constants. It is also conceivable to for-
mulate a three-junction cascade convertor with layers
16B, 18B, and 20B absent and leaving the low energy
gap portion unmodified with only one superlattice re-
quired, 20A. This may occur in those instances in which
the medium energy gap portion is lattice matched to the
high energy gap portion 24A. Similarly the correspond-
ing layers of the low energy gap portion of the device
may be absent, requiring the medium energy gap layers
to remain unmodified. Such instances as these would be
uncommon but even for these cases the use of a super-
lattice would be highly beneficial to the structural and
electrical properties of the next succeeding portion.

The operation of the three-junction device is essen-
tially the same as the two-junction device, with effec-
tively three radiation activated batteries in series. From
this series connection of the low, medium, and high
energy gap portions of the invention, the characteristic
voltages of each cell are additive, resulting in the advan-
tage of a higher electromotive force. This device may
be extended to produce an efficient, high electromotive
force output cell which has as many energy gap por-
tions as necessary to effect optimum absorption of the
incident electromagnetic spectrum and conversion to
electrical energy.

Examples of materials for use as the first portion is a
three-junction device are Ge or Si. The selection of
materials for the other portions would be obvious to one
skilled in the art. o

The embodiments of the invention in which an exclu-
sive property or privilege is claimed are defined as
follows: ’

1. A device for direct conversion of electromagnetic
radiation 1o electrical energy comprising, a first ohmic
contact, a second ohmic contact, semiconductor means
for absorbing electromagnetic radiation positioned be-
tween said contacts and including at least first and sec-
ond portions each of which absorbs electromagnetic
radiation in a certain energy spectrum and converts the
radiation to electrical energy, with said first portion
having a first characteristic electromagnetic energy gap
and said second portion having a second characteristic
electromagnetic energy gap, said second portion having
a lattice structure mismatched to the lattice structure of
said first portion, layer means positioned between said
first and second portions to substantially block propaga-
tion of dislocation defects from one portion to another
by substantially preventing the dispersion of said dislo-
cation defects through said layer means, and means for
effectuating low resistance electrical contact between
said portions. ‘

2. The device of claim 1 wherein said means to block
propagation of dislocation defects comprises a superlat-
tice structure.

3. The device of claim 2 wherein one of said portions
is the first deposited during fabrication and said means
to block propagation of dislocation defects further in-
cludes a layer lattice matched to and deposited on said
one portion first deposited and a compositionally
graded layer between said superlattice structure and
said layer lattice matched to and deposited on said one
portion first deposited.

4. The device of claim 3 wherein said first portion
consists of a silicon substrate of one conductivity type
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having a doped upper layer of opposite conductivity
type forming a photovoltaic junction therein.

5. The device of claim 2 wherein said superlattice
structure comprises semiconductor materials.

6. The device of claim 5 wherein said means to block
propagation of dislocation defects from said first por-
tion to said second portion includes a lattice matched
layer of GaP, a compositionally graded layer of
GaAsxP)_x, and wherein said superlattice comprises
alternating GaAs/GaP layers with an average lattice
parameter equal to that of said second portion.

7. The device of claim 1 wherein said means for effec-
tuating low resistance electrical contact between said
portions is a highly doped semiconductor tunnel junc-
tion.

8. The device of claim 3 wherein said semiconductor
tunnel junction is a highly doped superlattice structure.

9. The device of claim 1 wherein said energy gaps are
positioned in correlation with one another so as to opti-
mize adsorption of the particular incident electromag-
netic energy spectral distribution.

10. The device of claim 1 wherein said first portion
has the lowest characeristic energy gap and is posi-
tioned at the bottom of said device and said second
portion has the highest energy gap and is positioned in
said device at the top facing the direction at which the
electromagnetic spectrum is intended to be incident.

11. The device of claim 10 wherein said first and
second portions have characteristic energy gaps of ap-
proximately 1.0-1.2 eV and 1.6-1.8 eV, respectively.

12. The device of claim 11 wherein said first portion
is Si and said second portion is GaAsg 7Pp 3.

13. The device of claim 1 which further includes a
third portion having a third characteristic energy gap
which is lattice matched to said second portion with
layer means positioned between said second and third
portions to block propagation of dislocation defects,
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and means for effectuating low resistance electrical
contact between said second and third portions.

14. The device of claim 13 wherein said first, second,
and third portions have characteristic energy gaps of
approximately 0.7-1.1 eV, 1.2-1.5 eV, and 1.75-1.9 eV,
respectively.

15. The device of claim 14 wherein said first portion
is selected from the group consisting of Ge or Si.

16. The device of claim 1 which further includes a
third portion having a third characteristic energy gap
and means for effectuating low resistance electrical
contact between said second and third portions.

17. The device of claim 16 wherein said first portion
is selected from the group consisting of Ge or Si.

18. The device of claim 1 wherein said layer means is
a multiple layer means.

19. The device as described in claim 1, wherein said
first and second portions are deposited on a silicon sub-
strate and said first portion comprises silicon.

20. A device for the direct conversion of electromag-
netic radiation to electrical energy, comprising a first
and second contact means, semiconductor means posi-
tioned between said contact means including at least
first and second portions each of which absorbs electro-
magnetic radiation and converts the radiation to electri-
cal energy, with said first portion having a first charac-
teristic electromagnetic energy gap and said second
portion having a second characteristic electromagnetic
energy gap, said second portion having a lattice struc-
ture mismatched to the lattice structure of said first
portion, a superlattice member positioned between said
first and second portions to substantially block the prop-
agation of dislocation defects from one said portion to
the other, and means for effectuating low resistance

electrical contact between said portions.
* * &* &* *



